The ground and excited states of neutral and cationic PuO and PuO 2 have been studied with multiconfigurational quantum chemical methods followed by second order perturbation theory, the CASSCF/CASPT2 method. Scalar relativistic effects and spin-orbit coupling have been included in the treatment. As literature values for the ionization energy of PuO 2 are in the wide range of ~6.6 eV to ~10.1 eV, a central goal of the computations was to resolve these discrepancies; the theoretical results indicate that the ionization energy is near the lower end of this range. The calculated ionization energies for PuO, PuO + and PuO 2 + are in good agreement with the experimental values.
INTRODUCTION
The spectroscopy and thermodynamics of actinide containing molecules pose great challenges to both experimentalists and computational chemists. Among actinides, uranium and thorium species are certainly widely studied. Plutonium systems have also been the subject of extended research. In particular, thermodynamics of elementary plutonium oxide molecules PuO x (x=1,2) have been studied experimentally by one of us (JKG and co-workers 1-4, ) , and also recently by F. Capone and co-workers. 5, 6 The value of the first ionization energy (IE) of PuO 2 has recently become an issue of particular controversy. An early Knudsen effusion electron impact (EI) study 7 provided IE(PuO 2 ) = 9.4±0.5 eV; a more recent EI study 5 yielded IE(PuO 2 ) = 10.1±0.1 eV. These two values are remarkably some 3-4 eV higher than the spectroscopically measured IE(UO 2 ) = 6.128±0.003 eV. 8 Also, they are in discord with the recently determined bond energy of PuO 2 + , D(OPu + -O). 1 In view of the anomalously high literature values resulting from EI experiments, Santos et al. 1 employed an electron-transfer bracketing approach to establish that IE(PuO 2 ) is in the range 6.91-7.14 eV, and thus assigned IE(PuO 2 ) = 7.03±0.12 eV; this latter value is in full accord with the thermodynamics of neutral and ionized plutonium oxides. Given the reduced propensity for transneptunium actinides to exist in oxidation states above IV, particularly as compared with uranium, and that plutonium is in the IV oxidation state in PuO 2 , it seems reasonable that IE(PuO 2 ) should be somewhat higher than both IE(PuO) = 6.1±0.2 eV 2,4 and IE(UO 2 ) = 6.13 eV. 8 Furthermore, the following trend for the ionization energies across the series of actinide dioxides, IE(AnO 2 )/eV, appears entirely reasonable, where the cited values (ranges), except that for IE(UO 2 ), were obtained by Santos and co-workers using the electron-transfer bracketing method: UO 2 / 6.13 eV 8 < NpO 2 / 6.33±0.18eV 4 6 To arrive at IE(PuO 2 ), approximate values for D(Pu-O) = 7.1 eV and IE(PuO) = 6.2 eV were assumed; 6 this latter value for IE(PuO) is close to the experimental value of 6.1±0.2 eV determined by Santos et al. 2, 4 A value for IE(PuO 2 ) was then derived by presuming that equilibrium was achieved between PuO + and PuO 2 + ions at high temperature in a Knudsen cell, and further that their equilibrium concentrations in the cell could be measured by monitoring with a mass spectrometer the ions which were purported to be effusing from the cell. 6 From this so-called "new type of experiment" 6 it was ultimately inferred that IE(PuO 2 ) = (IE(PuO) + 0.42±0.005 eV) ≈ (6.2 eV + 0.42 eV) ≈ 6.6 eV, which is only 0.3 eV below the lower limit of the previously established range of 6.91-7.14 eV. 1 The validity of the experiment performed by Capone et al., 6 and particularly the evaluation by which IE(PuO 2 ) = 6.6 eV was obtained, has been a matter of discussion. 9 Of particular concern is the necessary and novel assumption that thermodynamic equilibrium between PuO + and PuO 2 + was achieved and measured under the conditions of the high-temperature Knudsen effusion experiments 6,9, It thus seems that many unresolved questions still exist for Pu-containing small molecules, particularly the elementary monoxide and dioxide molecules. We have thus decided to perform accurate quantum chemical calculations on PuO and PuO 2 in order to explore the nature of their ground and lowest excited states, and determine their first and second ionization energies.
COMPUTATIONAL METHODS
All the calculations were performed using the MOLCAS 7.1 package. 12 Basis sets of atomic natural type (ANO) 13, 14 including relativistic corrections were employed. They were contracted to 9s8p6d5f2g1h and 4s3p2d1f on plutonium and oxygen, respectively. We performed density functional theory (DFT) based calculations using the B3LYP functional and also multiconfigurational calculations followed by second order perturbation theory, CASSCF/CASPT2. The complete active space CASSCF method 15 is used to generate wave functions for a predetermined set of electronic states. Dynamic correlation is added using second-order perturbation theory, CASPT2. 16 Scalar relativistic effects were included using a Douglas-Kroll-Hess Hamiltonian. Spin-orbit coupling effects were estimated using the Complete Active Space State Interaction (CASSI) method, 17 in which an effective one-electron spinorbit (SO) Hamiltonian, based on the atomic mean field approximation of the two-electron part, is employed. All CASSCF wave functions of the appropriate symmetries are used as basis functions to set up the SO Hamiltonian, and CASPT2 energies are used in the diagonal elements. This approach has been shown to work successfully in a number of earlier applications. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 
RESULTS
In Table 1 Table 2 and 3 the spin-orbit (SO) and spin-free (SF) excitation energies of the lowest electronic states of PuO and PuO + are reported, respectively. The ground state, Ω=0, is mainly composed by the 7 Π spin-free state, which is dominated by the electronic configuration (7s) 1 (5fπ) 1 (5fδ) 2 (5fϕ) 2 . The spectrum is very dense and in Table 2 we report only the excitations up to 3800 cm -1 . The ground state of PuO + , Ω=0.5, is mainly composed by the 6 Π spin-free state, which is dominated by the electronic configuration (5fπ) 1 (5fδ) 2 (5fϕ) 2 . In Table 4 and 5 the SO and SF excitations, respectively, of PuO 2 , PuO 2 + and PuO 2 2+ are reported. The ground state of PuO 2 , Ω=1 u , is mainly composed by the 5 Φ u spin-free state, which is dominated by the electronic configuration (7s) 1 (5fδ) 2 (5fϕ) 1 . This state is not the ground state in the spin-free spectrum. The ground state of PuO 2 + , Ω=1.5 u , is mainly composed by the 4 Φ u spin-free state, which is dominated by the electronic configuration (5fπ) 2 (5fϕ) 1 . The ground state of PuO 2 2+ , Ω=4 g , is mainly composed by the 3 Η g spin-free state, which is dominated by the electronic configuration (5fδ) 1 (5fϕ) 1 . In Table 6 the vertical excitation energies (cm-1) for PuO 2 2+ calculated at the CASPT2 level including the spin-orbit coupling are reported, together with values obtained by previous theoretical studies and experimentally. We notice the overall better agreement of the present values with experiment, compared to previous theoretical studies. Table 7 shows the calculated values for the first and second ionization energies for PuO and PuO 2 . Comparisons with available experimental values and previous theoretical estimations are also presented there.
DISCUSSION

PuO, PuO + and PuO 2+
To our knowledge this is the first theoretical work that studies the plutonium monoxide species. The Our most accurate value, CASPT2-SO, for the first ionization energy for PuO 2 is equal to 6.36 eV, and we are thus confident that the Knudsen effusion electron impact experimental values in the ~9-10 eV range 5,7 must be significantly too high; the actual value is almost certainly in the region of the more recent experimental values, 7.03±0.12 eV 1 and ~6.6 eV. 6 It would also appear that the vertical ionization energies previously calculated by CCSD and CCSD(T), 9.7 and 9.9 eV, 10 are substantially higher than the actual (adiabatic) value. The IE(PuO 2 ) = 6.36 eV computed by CASPT2+SO is in reasonably good agreement with the value of about 6.6 eV estimated by Capone et al. 6 It is notable that the higher of the two values obtained with B3LYP, 6.70 eV, is rather close to the range of 6.91-7.14 eV established by Santos et al. 1 The value for IE(PuO 2 ) computed by CASPT2+SO is 0.2 eV below the Capone et al. value, 6 and 0.5 eV below the lower end of the range established by the electron-transfer bracketing technique. 1 We have verified that the CASPT2+SO method did not substantially underestimate IE(PuO 2 ) by performing a series of calculations with an increasing active space. The results are summarized in Figure 1 . The spin-free first IE of two different electronic states of PuO 2 , namely 5 Σ g + and 5 Φ u , is reported as a function of the active space. The IE for the 5 Σ g + state converges to the asymptotic limit of 6.5 eV without SO coupling, while the IE of the 5 Φ u state converges to the asymptotic limit of 6.4 eV. We can state that our calculations are converged with the active spaces of increasing size and we have no reason to believe that the value predicted by the CASPT2+SO method of 6.4 eV represents a significant underestimation of the IE of PuO 2 .
The computed value of IE(PuO 2 ) = 6.4 eV is not in full agreement with the range of 6.91-7. reactions, but, if this was the case, it would mean that IE(PuO 2 + ) was even lower than the 'bracketed'
value." The key point made by Santos et al. 1 was that IE(PuO 2 ) is approximately 2-3 eV lower than the previously reported values, which are in the range of 9-10 eV. 5, 7 This conclusion is clearly validated by the present theoretical results. It should be noted that the discrepancy of 0.5 eV between the computed value of 6.4 eV and the lower limit of 6.9 eV 1 determined from the electron transfer reactions is minor relative to the large correction, >2 eV, to previously reported experimental 5,7 and theoretical 10 values.
Another aspect that requires some consideration is the large difference, about 0.30 eV, between the SF and SO values of the IE of PuO 2 . This difference is almost ten times larger than the one found for PuO.
Like in the PuO case, also for PuO 2 the electron released in the ionization process belongs to the 7s shell, but in this case the SO effect seems to be considerably more significant. In order to understand this feature, we have to analyze the ground state of PuO 2 , Ω = 1u, which is mainly formed by the 5 Φ u spinfree state, (7s) 1 (5fδ) 2 (5fϕ) 1 The SF-DFT/B3LYP method predicts a vertical IE(PuO 2 ) of 6.28 eV for the 5 Φ u to 4 Φ u ionization, a value just 0.08 eV different from the one obtained at the SF-CASPT2 level of theory. The agreement between the two methods is not surprising because both the 5 Φ u (PuO 2 ) and 4 The PuO 2 2+ ion has been the subject of earlier theoretical studies due to the availability of experimental absorption spectra measured in water solution and for which the first excited states seem unaffected by the presence of the environment. Our study represents a drastic improvement not only in detection of the correct ordering of the experimental bands, but also in the evaluation of the transition energies. If we compare our data to the values obtained with the IHFSCC method, 33 we notice that CASPT2-SO performs very well with differences of the order of only 100-200 cm -1 .
CONCLUSIONS
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